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ABSTRACT
EFFECT OF THE PHYSICAL MICRO-ENVIRONMENT ON CELL ADHESION
AND FORCE EXERTION
Mohamad Eftekharjoo
Old Dominion University, 2019
Director: Dr. Venkat Maruthamuthu

Physical characteristics of the microenvironment, such as geometry and stiffness,
influence cell adhesion and contractile forces. Here, we determined how these physical
factors influenced cell force exertion and adhesion in two specific contexts that have
broad relevance.
Fibroblasts are cells in connective tissues that interact with a fibrous extracellular
matrix (ECM) that have a predominantly one-dimensional (1D) (fibrillar) geometry.
However, it has been unclear as to how the 1D nature of the fibrillar ECM influences the
forces exerted by fibroblasts. Here, we used fibroblast cells adherent on fibronectin lines
on polyacrylamide (PAA) gels of stiffness 13 and 45 kPa to restrict the cells in a 1D
geometry. We used traction force microscopy (TFM) to quantify fibrillar force exertion
by fibroblasts. We found that, even though the cell length depended on substrate stiffness,
the exerted force was independent of it. Furthermore, we found that fibrillar fibroblasts
display prominent linear actin structures. Accordingly, we found that the cell length and
forces exerted by fibroblasts highly depend on the actin nucleator formin. These findings
have important implications for disease conditions such as fibrosis.
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In epithelial tissues, epithelial cells adhere to the ECM and to neighboring cells
to maintain tissue architecture. E-cadherin adhesions bind neighboring cells together, but
whether these adhesions respond to surrounding cell-like stiffness is unknown. Here, we
developed a biomimetic interface with oriented immobilization E-cadherin with cell-like
stiffness to mimic cell-cell binding. We fabricated soft silicones with stiffness in the
range of that of epithelial cells (0.4 – 8.7 kPa) (as quantified using rheology) for this
purpose. We found that the single cells on stiffer substrates tend to form prominent linear
adhesions whereas those on softer substrates are more likely to form just nascent
adhesions. The presence of contractile circumferential actin appears to be important for
large adhesion formation. We also found that the formation of large E-cadherin adhesions
highly depends on the actin nucleator formin, but not Arp2/3. Our biomimetic E-cadherin
substrates have thus enabled us to gain insights into the effect of cell-like stiffness on Ecadherin adhesion, which is relevant to understand morphogenesis as well as cancer.
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CHAPTER 1
INTRODUCTION
Single cells are the simplest units of life on earth. Cells sense their surroundings
and respond to their microenvironment in a manner that depends on biochemical,
physical and mechanical factors. Cell interaction with its microenvironment crucially
influences tissue development, hemostasis, and differentiation. In this chapter, we focus
on a broad overview of the fundamental roles of biophysical cues in single cell function.
In general, understanding single cell functionality makes it possible to extend our
understanding to mechanisms operating in multi-cellular cell collectives.
1.1 Cells and the ECM
Adherent cells bind to their extracellular matrix microenvironments and sometimes
neighboring cells using cell surface adhesion molecules. This influences whether and
how they survive, divide, and migrate. Epithelial tissues are composed of epithelial cells
that adhere to each other with junctions such as tight junctions, gap junctions, adherens
junctions, and desmosomes. In addition to the cell-cell contact network, epithelial cells
also bind to the basement membrane beneath (Figure 1) via adhesions such as focal
adhesions and hemi-desmosomes. Basement membrane is the top most layer of
connective tissue beneath the epithelial cell layer and is composed of a net-like
extracellular matrix (ECM) network. Connective tissues are located between tissues such
as muscle tissue, nerve tissue, and epithelial tissue within organs. Fibroblasts are the most
common type of cells that are present in connective tissue and interact with the ECM.
Physical and biochemical signals from the ECM provide cues for fibroblasts to migrate
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[1]. Migration of such cells has four main events: protrusion of the leading edge,
formation of new adhesions at cell-ECM interface, cell movement, and retraction of the
trailing edge [2]. These aspects of 2D cell migration depend on physical properties of the
ECM such as stiffness and ECM concentration [3]. The ECM in 3D is more complex but
can be experimentally modelled using reductionist approaches. For instance, Doyle et al,
showed that fibroblasts in 1D micropatterrned lines mimic the fibroblasts phenotype in
three-dimensional (3D) network of matrix [4].

Figure 1. Simplified schematic depiction of epithelial cells on the basement membrane
and fibroblast cells located within connective tissue.
1.2 Topology and mechanical properties of the ECM
The ECM is a 3D network of fibrous molecules and other non-cellular components that is
present in all tissues. The ECM possesses biochemical and biomechanical cues that are
required for cell function such as growth, survival, differentiation, and division [5-7].
There are two main classes of ECM: fibrous proteins and proteoglycans. Proteoglycans
have a variety of functions including preserving the hydrated state of the ECM as well as
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storing growth factors. The main fibrous ECM proteins are collagens, elastins,
fibronectins, and laminins. Collagen fibers often constitute the main structural component
of the ECM [8]. Elastin fibers are associated with collagens, which provide recoil when
tissues undergo stretch [9]. Fibronectins are the fibrous ECM component linked to
collagen fibers[10] that are enriched in connective tissues and play roles in cell migration.
The effect of ECM composition on cell behavior has been extensively studied [11]. In
addition to ECM composition, the physical characteristics of the ECM such as elasticity
and rigidity have a profound impact on cell behavior [12, 13]. The main physical
characteristics of ECM are ligand density, fiber stiffness, and pore size [14, 15], which
influence cell adhesion and migration. Individual fibers such as type-I collagen fibers
possess local elastic modulus in MPa range [16]. The collagen fibrils exhibit non-linear
mechanical behavior; fibrils are elastic and become stiff under tensile forces. The
strength of collagen fibers is a mechanical property that strongly depends on cross-linker
molecules. Collagen gels’ stiffness is mainly within the range of kPa, depending on water
displacement and fibril organization [17]. The collagen fiber concentration as well as
their orientation influences bulk collagen stiffness [18].
1.3 Mechanical properties of cells
Mechanical characteristics of tissues are among the fundamentally relevant properties
influencing tissue function. Tissues are intrinsically viscoelastic in nature and possess
different stiffness from Pa to GPa range depending on their location [19]. For instance,
brain tissues have elastic modulus of sub to 4 kPa, heart tissues from 5 to 15 kPa and
bone tissues with ~ 20 GPa stiffness [20]. Tissue mechanical properties are influenced by
both ECM and cell mechanical properties. Many basic components of the cell (such as
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plasma membrane, cytoskeleton, and organelles) contribute to its mechanical properties.
Atomic Force Microscopy (AFM) is one of the methods that has been used to quantify
the stiffness of isolated cells. AFM is a high-resolution technique that utilizes a micronsized tip connected to a micro-fabricated cantilever beam to deform a sample [21]. To
quantify a cell’s stiffness, the micron-sized tip of cantilever is pressed against the cell; by
knowing cantilever characteristics such as tip geometry and stiffness, the elasticity of the
cell can be measured. Such approaches have been used to previously measure the
stiffness of fibroblast cells (3T3) [22]. The local stiffness of the fibroblast cells (3T3)
varies depending on the cell height. In particular, the higher part of the cells is the softest
region whereas the cell edge is stiffer. In addition, stiffness values of normal epithelial
cells have been reported [23-25]. It has been shown that older epithelial cells are stiffer
than the younger cells [24]. Also, epithelial cells possess different stiffness depending on
the part of the cell cycle they are in [25]. For instance, epithelial cells in metaphase are
softer than those in anaphase. Even normal epithelial cells’ deformability is different
from that of malignant epithelial cells. Cancerous epithelial cells are typically softer than
normal epithelial cells [26, 27], with a few exceptions such as epithelial prostate cancers
which are stiffer and more invasive compared to non-invasive prostatic epithelial cells
[28].
1.4 Integrins as mechanosensors
It has been shown through multiple studies that cells can detect and respond to the
biophysical properties of their microenvironment through integrin receptors. Integrin is a
cell adhesion molecule and heterodimer transmembrane receptor protein, which is
composed of α and β subunits. Integrins are found in many cell types such as endothelial,
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fibroblast, and epithelial cells. There are 24 different types of integrin, each of which is
specific to certain ECM types [11]. Integrin adheres to ECM, transmits force and
transduces the force (which is dependent on the mechanical nature of the microenvironment) to specific biochemical signals (the latter is called mechanosensing). The
extracellular domain of integrin binds extracellular matrix proteins and its intracellular
domain links to the actin cytoskeleton through the binding of other proteins in the
adhesion (called focal adhesion). The actin cytoskeleton consists of actin filaments,
which are polymers of the protein actin. The actin cytoskeleton regulates the morphology
of cells in general [29]. Focal adhesions consist of a cluster of proteins (such as vinculin,
paxillin, talin etc), which transmit cytoskeletal tension and link the actin filaments to
integrins. Integrin ligation triggers its conformational change as well as activation of
signaling cascades that lead to actin cytoskeleton assembly and recruitment of other
focal adhesion components [30]. In particular, receptor binding to ECM activates the Ras
homolog gene family member A (RhoA) through Rho-GTPase phosphorylation [31].
RhoA induces actin filament assembly and myosin light chain kinase (MLCK) activation
by activating the formin mDia and ROCK respectively. Here, mDia promotes actin
assembly by nucleating actin monomers to form actin filaments. Activation of ROCK
phosphorylates MLCK, which enhances actin and myosin linkage to assemble the
actomyosin apparatus. In particular, the actomyosin structures generate cellular forces
and such forces are transmitted by focal adhesion proteins. Integrins, as mechanical
linkers between cell and the ECM, are involved in substrate rigidity sensing and also
regulate cell morphology [13]. Cell contractile force generated by actomyosin plays a key
role in integrin sensing of substrate stiffness [32]. For example, cells on stiffer substrates
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possess larger actin networks, which correspond to larger forces transmitted at integrinECM interface [33, 34]. Such increases in cellular force triggers the recruitment of focal
adhesion proteins such as vinculin [35]. In addition, cell morphology as well as cell
migration are regulated by sensing the microenvironmental stiffness through integrins.
Many studies have shown that cells on stiffer substrates adapt to a larger spreading area
[33, 36, 37]. Furthermore, studies have developed techniques to probe the tension at
single integrin-ECM bonds which is about 40 pN [38]. The molecular tension at integrinECM bonds influences the cell spread area - cells with larger molecular tension possess a
larger spreading area [39].
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Figure 2. Schematic depiction of integrin and associated proteins in the focal adhesion
linked to the actomyosin apparatus.
1.5 Cadherins as mechanosensors
In addition to the cell-ECM interface, cells (such as epithelial cells) adhere to each other
via cell-cell junctions which maintain tissue integrity. Dynamic adhesions within cell-cell
junctions enable cell-cell contacts to be maintained and remodeled [40]. Cadherins are
the Ca2+-dependent homodimer transmembrane proteins that adhere to cadherins of
adjacent cells. The extracellular domain of cadherins bind to the extra-cellular domain of
cadherins of adjacent cells whereas its intracellular domain binds to the catenin complex
and p120-catenin shown in figure 3. Cadherins are expressed in epithelial (E-cadherin),
endothelial (VE-cadherin), and neural (N-cadherin) tissues. Like integrins, cadherins are
also connected to actin (through the catenin complex) and the tension exerted via
cadherins is ultimately generated by the actomyosin apparatus. Assembly and stability of
cadherin adhesions are highly dependent on myosin II activity. Cadherins also modulate
cell morphology by organizing actin filaments [41]. Contractility of endothelial cells on
substrates of different stiffness dictates gap formation between endothelial cells [42].
During morphogenesis, the forces transmitted by cadherins determine cell and tissue
shape [41]. Cadherin adhesions are regulated by physical cues. In particular, the
formation of cadherin adhesions depends on the external physical microenvironment
[43]. Studies have shown that cellular traction forces transmitted by cadherin enhances
with increase in substrate stiffness [44-46]. Alternatively, studies have shown that
application of exogenous force to cadherins enhances their recruitment at adherens
junctions. Furthermore, application of exogenous torque via cadherin coated magnetic
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beads, leads to junction stiffening [44].

Figure 3. Schematic depiction of E-cadherin at the cell surface and its linkage to the
actomyosin apparatus.
1.6 Biomimetic experimental models to control for geometry, stiffness and adhesion
Cells interact with their microenvironment in order to survive, migrate, and differentiate.
Physical factors such as cell geometry and the stiffness of the microenvironment have
been of particular interest, in their modulation of cellular contractility. In order to control
the microenvironment stiffness, linear elastic isotropic materials such as polyacrylamide
(PAA) hydrogels and cross-lined silicone gels are mainly used as substrates. Their
stiffness can be tuned by systematic variation of their composition. Cells have been
known to exert different levels of traction forces depending on the substrate stiffness
[12]. This is partly due to different cell spread areas on different stiffness substrates.
Therefore, micro-patterning methods have been implemented to control the cell
geometry. Previous studies have implemented different micro-patterning techniques to
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better characterize cellular contractility under different topological constraints using
PAA gels and micropost arrays [36, 47]. In addition to physical factors, chemical factors
such as ECM composition influences cell function. Recent studies have shown that ECM
ligand type influences cellular contractility for the same substrate stiffness [48].
1.7 Quantification of cell exerted forces (traction force microscopy)
Adherent cells have physical interactions with their microenvironment by sticking via
their adhesions and also exert contractile force onto their substrates through them.
Traction force microcopy (TFM) is one of the quantitative methods to measure the
cellular force exerted on elastic substrates [49]. In this method, fluorescent marker beads
are embedded in a soft substrate such as PAA gel or soft silicone. Cells, by exerting
forces onto the substrate (Figure 4A), cause substrate deformation. To capture the
substrate deformation, the bead displacement field is obtained by comparing the positions
of the displaced beads (due to cell force exertion) against a reference image of
undisplaced beads (Figure 4B). The traction force field is computed out of the
displacement field by employing elasticity theory [50]. According to Boussinesq, 𝑋𝑋 = 𝐺𝐺F
in which G and X are the known green function and displacement vector fields

respectively. In order to solve the equation for traction force (F), Fourier Transform
Traction Cytometry (FTTC) is implemented. Using the FTTC method, traction forces are
solved in Fourier space and the traction force values are then calculated by applying an
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inverse Fourier transform.

Figure 4. Schematic depiction of traction force microscopy. (A) Top view of single cell
on the substrate with fluorescent marker beads. The red arrows are the contractile forces
applied by the cell on the substrate. (B) Key steps involved in traction force microscopy.
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CHAPTER 2
FIBRILLAR FORCE GENERATION BY FIBROBLASTS DEPENDS ON
FORMIN
Note: Contents of this chapter has been published in the journal Biochemical and
Biophysical Research and Communications (Biochem. Biophys. Res. Commun. 510: 7277.) by the authors: Mohamad Eftekharjoo, Dakota Palmer, Breanna McCoy, and Venkat
Maruthamuthu
Abstract
Fibroblasts in the extra-cellular matrix (ECM) often adopt a predominantly onedimensional fibrillar geometry by virtue of their adhesion to the fibrils in the ECM. How
much forces such fibrillar fibroblasts exert and how they respond to the extended stiffness
of their micro-environment comprising of other ECM components and cells are not clear.
We use fibroblasts adherent on fibronectin lines micropatterned onto soft polyacrylamide
gels as an in vitro experimental model that maintains fibrillar cell morphology while still
letting the cell mechanically interact with a continuous micro-environment of specified
stiffness. We find that the exerted traction, quantified as the strain energy or the maximum
exerted traction stress, is not a function of cell length. Both the strain energy and the
maximum traction stress exerted by fibrillar cells are similar for low (13 kilopascal) or high
(45 kilopascal) micro-environmental stiffness. Furthermore, we find that fibrillar
fibroblasts exhibit prominent linear actin structures. Accordingly, inhibition of the formin
family of nucleators strongly decreases the exerted traction forces. Interestingly, fibrillar
cell migration is, however, not affected under formin inhibition. Our results suggest that
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fibrillar cell migration in such soft microenvironments is not dependent on high cellular
force exertion in the absence of other topological constraints.
Keywords: extra-cellular matrix; traction force; micropatterning; actin nucleation;
mechanobiology; fibrosis
Abbreviations:ECM, extra-cellular matrix; 1D, one-dimensional; 2D, two-dimensional;
3D, three-dimensional; PAA, polyacrylamide; EDC, 1-ethyl-3-(3-dimethylaminopropyl)
carbodiimide hydrochloride; sulfo-NHS, N-hydroxysulfosuccinimide
2.1 Introduction
Physical cues fundamentally influence multiple aspects of cell function including survival,
migration, proliferation, and differentiation [51]. Among physical cues, cell geometry is a
key factor that dictates how cells interact with their micro-environment, mainly by its
influence on forces generated and transmitted by the cells themselves [52, 53]. Cells
embedded in three-dimensional (3D) extra-cellular matrix (ECM) microenvironments,
such as fibroblasts, encounter ECM of complex topology [54]. It has been demonstrated
that reductionist one-dimensional (1D) fibrillar micro-environments capture key aspects of
3D matrices wherein fibroblasts are often adherent along fibrils in the matrix [4]. Forces
generated by cells adherent on 1D fibrils and aligned matrices can be transmitted over long
distances and effect changes in the micro-environment that includes other cells [55].
Previous studies have elucidated how fibrillar cell geometry can lead to altered migration
rates, compared to a two-dimensional (2D) context [56]. However, despite recent advances
[57], the factors that influence force exertion by fibrillar cells have been largely unclear.
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Recent approaches with micro-patterned lines and individual suspended fibrils
have provided important insights into fibrillar cell migration [58, 59]. However, even when
fibroblasts are predominantly constrained in a 1D geometry (adherent on fibrils), they
interact with an extended microenvironment consisting of other entangled fibrils, other
ECM constituents and cells. While cells in 2D respond to altered stiffness by transmitting
altered traction forces [12], it is unclear if cells constrained in 1D geometries can sense
surrounding micro-environmental stiffness similarly and modulate transmitted forces [60].
The micro-environmental stiffness encountered by fibroblasts changes during progression
of disease states like fibrosis [61]. Thus, it is important to ascertain whether such stiffness
cues impact force generation by fibroblasts, which may in turn further modify microenvironmental stiffness in a positive feedback loop.
Previous reports have proposed distinct roles for actin nucleators in fibrillar cell
migration [62], but their contribution to fibrillar force generation has not been directly
tested. In particular, formin nucleators give rise to prominent linear actin structures in cells
[63], but their role in enabling fibrillar cell force generation is unclear. In this paper, we
introduce an in vitro experimental model that employs micropatterning on soft substrates
to quantify force exertion by fibroblasts in a fibrillar (1D) geometry, and test its dependence
on microenvironmental stiffness and actin nucleation by formin. We also assess whether
fibrillar cell migration speeds relate to the level of fibrillar force exerted by fibroblasts.
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2.2 Materials and Methods
2.2.1 Cell culture
NIH 3T3 cells were cultured in Dulbecco’s modified Eagle’s medium (Corning Inc.,
Corning

NY)

supplemented

with

L-glutamine,

sodium

pyruvate,

1%

Penicillin/streptomycin, and 10% fetal bovine serum (Corning Inc., Corning NY) at 37 0C,
under 5% CO2. For plating micro-patterned polyacrylamide (PAA) hydrogels, about 105
cells were plated in 35-mm culture dishes with a micro-patterned hydrogel-coated coverslip
and the medium was replaced within 0.5 hours after plating.
2.2.2 Preparation and micropatterning of polyacrylamide hydrogel substrates
PAA gels were made with acrylamide to bisacrylamide ratios of 7.5%:0.1% and 12%:0.1%
to yield gels of Young’s moduli 13±1 and 45±4 kPa, respectively. The stiffness of the gels
was characterized with a Bohlin Gemini parallel plate rheometer (Malvern Instruments,
Worcestershire, UK). The gels were doped with red fluorescent beads of diameter of
0.44µm (Spherotech Inc., Lake Forest, IL) to act as fiducial markers. Micropatterning of
the PAA gels were performed as follows [52]: a quartz photomask coated with chrome
except for clear lines of 1.5 µm width (Toppan, Round Rock, TX) was cleaned with
isopropanol and then wiped with toluene. Then, ~100 µL of a acrylamide/bisacrylamide
polymerizing mixture [64-66] was placed on the chrome side of the photomask and
sandwiched with a 22 × 22 mm2 glass coverslip (Corning Inc., Corning NY) that had been
pre-activated

by

treating

with

2%

3-aminopropyltrimethyoxysilane

and

1%

glutaraldehyde. After PAA gel polymerization, the gel on the mask was exposed to deep
UV light (through the mask) for 2.5 minutes. The PAA gels were then incubated with an
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aqueous solution with 10 mg/ml each of EDC (1-ethyl-3-(3-dimethylaminopropyl)
carbodiimide hydrochloride) and sulfo-NHS (N-hydroxysulfosuccinimide) for 25 min at
room temperature. This was followed by incubation with 0.01 mg/ml of fibronectin
(Millipore Sigma, Burlington, MA) in 100 mM sodium biocarbonate, pH 8.5 for 30 min.
After a few washes with PBS, cells were plated on the PAA gels and imaged about 16
hours later.
2.2.3 Live cell imaging and immunofluorescence
Live and fixed cells were imaged using a Leica DMi8 epifluorescence microscope (Leica
Microsystems, Buffalo Grove, IL) equipped with a 10 × 0.3 NA objective and a Clara
cooled CCD camera (Andor Technology, Belfast, UK). An airstream incubator (Nevtek,
Williamsville, VA) was used to maintain the temperature at 37 0C during time lapse
imaging of live cells. Cells were fixed with 4% paraformaldehyde (Electron Microscopy
Sciences, Hatfield, PA) with 1.5% Bovine Serum Albumin and 0.5% Triton. Alexa-488
conjugated phalloidin was from Thermo Fisher Scientific, Waltham, MA. To quantify cell
migration speeds, time lapse images of 3T3 cells (on patterned lines on the PAA gel) were
acquired every 10 min over a duration of 2 hours. Using ImageJ, the cells were manually
tracked to locate their position every 10 min. The average cell speed was the sum of the
magnitudes of cell displacement every 10 min over 2 hours, divided by the total time (2
hours).
2.2.4 Traction force microscopy
First, fibrillar cell phase images and bead fluorescence images, as well as bead fluorescence
images after cell detachment (using 10% sodium dodecyl sulfate) were obtained. After
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image alignment using ImageJ [67], the displacement field was computed using
MATLAB

(MathWorks,

Natick,

MA),

with

code

available

at

http://www.oceanwave.jp/softwares/mpiv/. Traction forces were then reconstructed using
regularized Fourier transform traction cytometry which employs the Boussinesq solution
[68-72]. The traction exerted was characterized using two metrics: (i) the strain energy
stored in the substrate given by

1
2

∑ 𝑻𝑻𝑖𝑖 . 𝒖𝒖𝑖𝑖 where Ti and ui are the traction force and

displacement vectors at position i, respectively and (ii) the maximum traction stress Tmax,
which is the maximum of the magnitudes of all traction stress vectors Ti associated with a
given cell.
2.2.5 Pharmacological Inhibition and siRNA treatment
Pan-formin inhibitor SMIFH2 was from Millipore Sigma, Burlington, MA. NIH 3T3
already plated overnight on fibillar micro-patterns were treated with 20 µM SMIFH2 for
4 hours prior to live cell imaging.
2.2.6 Statistical analysis
For statistical comparisons, two-tailed student’s t-test was used with p<0.01 considered
significant (‘*’ = p<0.01 and ‘**’ = p<0.001).
2.3 Results and Discussion
We wanted to employ an experimental model that would restrict fibroblast adhesion to 1D
but simultaneously enable them to mechanically interact with a soft micro-environment of
defined stiffness. It has been previously shown [4] that lines more than a couple of µm in
width increasingly mimic 2D cell morphologies and that a line width of 1.5 µm enables
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fibrillar cell morphology. We therefore micro-patterned 1.5 µm-wide lines of fibronectin
on PAA gels of defined stiffness (Young’s modulus 45 kPa), plated NIH 3T3 fibroblast on
them and allowed the cells to adhere to the lines overnight (Figure 5A,B). NIH 3T3 cells
adhered only to the fibronectin lines and adopted a 1D fibrillar morphology (Figure 5C),
consistent with previous reports [4, 62, 73]. We then determined the traction forces exerted
by the single cells adherent on single fibronectin lines on the PAA gel. Figure 4C shows
the traction stress vectors overlaid on a fibrillar cell image and figure 5D shows the
heatmap representation of the traction stress field. The traction stress is mainly localized at
the two ends of the cell, consistent with recent reports [60, 73, 74]. Figure 5E,F show how
two metrics associated with the exerted traction strain energy, and maximum traction stress
varies with cell length. It is evident that there is no clear correlation between either traction
metric and the cell length, in contrast to what has been observed in wider lines [73] and 2D
[52, 53].
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Figure 5. Fibrillar force exertion is not correlated with cell length. (A) Schematic depiction
of the method used to micro-pattern 1.5 µm fibronectin lines on a polyacrylamide (PAA)
gel using deep UV illumination of the PAA gel through a chrome-coated quartz photomask,
followed by incubation with EDC/sulfo-NHS and fibronectin (Fn). The plated cells adhere
to the fibronectin lines and adopt a fibrillar morphology. (B) Fluorescence image of the
micropatterned line as revealed by fibronectin doped with fluorescent fibrinogen. (C) Phase
image of an NIH 3T3 cell on a 1.5 µm fibronectin line on a 45 kPa PAA gel superimposed
with traction stress vectors (red). Scale bar for traction vectors (black arrow) is 100 Pa. (D)
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Heat map representation of the traction stress exerted. Traction stress heat map color
scale is shown on the right. Scale bar in (B-D) is 20 µm. (E) Scatter plot of the strain energy
(in fJ) associated with traction force exertion versus cell length (in µm), data from 97 cells.
(F) Scatter plot of the maximum traction stress exerted (in Pa) versus cell length (in µm).
In order to assess the role of micro-environmental stiffness in fibrillar cell force
exertion, we micropatterned fibronectin lines on PAA gels of stiffness 13 and 45 kPa,
within a range of stiffness at which the traction force for 3T3 cells varies with stiffness in
2D [52, 75]. The difference in cell lengths corresponding to these substrate stiffnesses was
statistically significant but <15% (Figure 6A). As shown by the traction heat maps in
Figure 6B,C, the traction stress exerted by fibrillar 3T3 cells was prominently localized at
either cell end for both stiffnesses. Importantly, both the strain energy (Figure 6D) and the
maximum traction stress (Figure 6E) of the fibrillar cells did not change significantly with
stiffness (p = 0.39 and 0.11, respectively). This implies that fibrillar cells exert forces in a
manner that is not as strongly sensitive to the microenvironmental stiffness as for 2D [52].
However, as the difference in cell lengths for these different stiffnesses is not large, one
can expect the strain energy to not be affected by much if geometry (which translates to
cell length here) is indeed a determinant of strain energy [52].
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Figure 6. Fibrillar force exertion is not sensitive to substrate stiffness. (A) Box plot
comparing the fibrillar cell length on fibronectin lines on 13 kPa (83 cells) and 45 kPa (97
cells) PAA substrates. (B-C) Heat map representation of the traction stress exerted for
substrate Young’s moduli of 13 kPa (B) and 45kPa (C). The scale bars for distance is 20
µm. Traction stress heat map color scale is shown on the right. (D, E) Box plots comparing
the strain energy (D) and the maximum traction stress (E) exerted by cells adherent on
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fibronectin lines on substrates of Young’s moduli 13 kPa and 45kPa. In the box plots,
the small square represents the mean, the horizontal line represents the median, cross (x)
represents minimum or maximum value, lower and upper sides of the large box represent
the 25 and 75 percentile values and whiskers represent the 5 and 95 percentile values.
We then wanted to determine as to what factors influence the level of forces exerted
by fibroblasts in a fibrillar geometry. Immunofluorescence staining of the actin
cytoskeleton showed that the cells displayed prominent linear actin bundles along the
length of the cell, anchored at either end of the cell (Figure 9A). We therefore tested if
inhibiting formin, which is a family of linear actin nucleators, would impact the actin
cytoskeleton and thereby possibly affect cell force exertion. Accordingly, treatment of
fibrillar cells with 20 µM SMIFH2, a pan-formin inhibitor, decreased actin localization to
the ends of the cell (Figure 9B,C). Formin inhibition also reduced the fibrillar cell length
by 25% (Figure 7A). Importantly, traction force measurements showed that formin
inhibition reduced the strain energy and the maximum exerted traction stress by 46 and
35%, respectively (Figure 7B-E) - effects similar to that found in 2D [34].
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Figure 7. Effect of formin inhibition on fibrillar force exertion. (A) Box plot comparing the
fibrillar cell length on fibronectin lines for control (97 cells) and 20 µM SMIFH2-treated
(57 cells) cells on 45 kPa PAA substrates. (B-C) Heat map representation of the traction
stress exerted by control and SMIFH2-treated cells. The scale bars for distance is 20 µm.
Traction stress heat map color scale is shown on the right. (D, E) Box plots comparing the
strain energy (D) and the maximum traction stress (E) exerted by control and SMIFH2treated cells. In the box plots, the small square represents the mean, the horizontal line
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represents the median, cross (x) represents minimum or maximum value, lower and
upper sides of the large box represent the 25 and 75 percentile values and whiskers
represent the 5 and 95 percentile values.
Finally, we wanted to assess whether reducing the level of traction forces exerted
by the cells adversely impacted fibrillar cell migration. We therefore measured the fibrillar
cell migration speeds of control cells as well as those treated with the formin inhibitor
SMIFH2 (Figure 8A,B). Contrary to what was found in suspended fibers [62], formin
inhibition did not significantly alter the average fibrillar cell migration speed (p = 0.89,
Figure 8C). Thus, fibrillar cell migration speed was not correlated to the level of fibrillar
force exertion. This result is similar to what was obtained for untreated epithelial cells on
wider lines, albeit specifically for only the more elongated cells [73]. The difference in
results between our experimental model and that from studies using suspended fibrils may
be due to the following reasons [59, 62]: our model captures the overall microenvironmental stiffness of tissues, which is in the kPa range. Suspended fibers (made of
polymers such as polystyrene) have stiffness in the GPa range [59], similar to that of
individual collagen fibrils [76]. In fact, average cell migration rates were about a factor of
two to three lower in our system compared to suspended fibrils [62] or micro-patterned
lines on glass [4]. Fibrillar cells in vivo may be expected to mechanically interact with both
the local stiff fibril as well as the softer extended micro-environment. Greater knowledge
of forces exerted by cells in fibrillar contexts [77] and their reciprocal relationship with
micro-environmental stiffness can be expected to continue to advance our understanding
of disease states such as cancer and fibrosis.
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Figure 8. Fibrillar cell migration speed is not affected by formin inhibition. (A, B) Cell
position is plotted as a function of time over 2 hours for (A) control (56 cells) and (B)
SMIFH2 treated (77 cells) 3T3 cells. Cells were on 1.5 µm fibronectin lines on 45 kPa
PAA gels for both cases. (C) Box plots comparing the fibrillar cell migration speed for
control versus SMIFH2-treated cells. In the box plots, the small square represents the mean,
the horizontal line represents the median, cross (x) represents minimum or maximum value,
lower and upper sides of the large box represent the 25 and 75 percentile values and
whiskers represent the 5 and 95 percentile values.
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Figure 9. Formin inhibition decreases actin localization to fibrillar cell ends. (A, B)
Immunofluorescence images of NIH 3T3 cells on fibronectin lines on 45 kPa PAA
substrates, either untreated (control) (A) or treated with 20 µM SMIFH2 (B). The scale
bars for distance is 20 µm. (C) Box plot of the average actin intensity at the ends of
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fibrillar cells (20% of cell length), as indicated by the dotted boxes in (A,B), for
control (16 cells) and SMIFH2-treated (20 cells) cells. In the box plots, the small square
represents the mean, the horizontal line represents the median, cross (x) represents
minimum or maximum value, lower and upper sides of the large box represent the 25 and
75 percentile values and whiskers represent the 5 and 95 percentile values.
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CHAPTER 3
DEVELOPMENT OF A BIOMIMETIC E-CADHERIN SUBSTRATE WITH
CELL-LIKE STIFFNESS
3.1 Introduction
Cell-cell adhesion is required to maintain tissue integrity and functionality. Epithelial
cells interact with their external microenvironment through both cell-ECM interactions
using integrin receptors as well as cell-cell interactions through E-cadherin receptors.
Both these interactions are highly dependent on cell-generated forces. Previous studies
showed that cell-cell endogenous forces are correlated with cell-ECM forces [48] and the
crosstalk between E-cadherin and integrin mediated adhesions have also been
investigated [78].
Earlier studies have used E-cadherin coated glass surfaces to restrict the cell’s adhesive
interactions to E-cadherin binding, in order to identify the role of E-cadherin adhesion in
“outside-in” signaling [79-81]. It was found that E-cadherin adhesion formation requires
actomyosin activity through activation of Rho family GTPases. In particular, by
implementing the E-cadherin coated surface platform, it was found that E-cadherin
formation in HEK 293 cells requires actomyosin activity as well as actin nucleation
through constituent proteins [82]. Moreover, it was found that the Arp2/3 complex
promotes nascent E-cadherin adhesion formation in CHO cells [81]. On the other hand,
formin is required for cell spreading and the formation of robust E-cadherin adhesions at
leading edges [46]. When E-cadherin adhesions undergo homophilic binding, PI 3-kinase
promotes nascent E-cadherin adhesion formation in the lamellipodia [80, 83].

28
Glass substrates are very rigid (with elastic modulus of the order of GPa) and their
stiffness is thus way beyond that of the tissue microenvironment. Therefore, substrates
with stiffness correspond to the ranges of tissue stiffness in vivo are required to
characterize the possible mechano-responsive behavior of epithelial cells in a
microenvironment of cell-like stiffness. The stiffness of epithelial cells can vary within a
wide range, depending on factors such as their normal or cancerous state (Figure 10).
Using the atomic force microscopy (AFM) technique to probe cell stiffness, it has been
found that cancerous epithelial cells are softer than non-tumorigenic epithelial cells [27].
Moreover, non-tumorigenic human kidney cells were found to be less deformable than
cancerous cells. Also, highly invasive ovarian cancer cells were found to be softer than
the cells exhibiting less invasive phenotypes [84, 85]. Regardless of cancer type (bladder,
colon, melanoma, prostate, and breast), single cancerous cells were found to be more
deformable than single normal cells [86, 87]. Moreover, the cell microenvironment also
influences cell stiffness. For instance, in a monolayer normal epithelial cells, the cells
inside the monolayer are stiffer than peripheral cells [88]. In general, the main factor that
contributes to cell stiffness is cytoskeleton. For instance, older human epithelial cells are
stiffer than younger cells due to the presence of a higher density of cytoskeleton such as
microtubules, actin and intermediate filaments [24]. The cytoskeleton also contributes to
cell stiffness during cell division, in which, the formation of a contractile ring and furrow
makes the cells stiffer [25]. In addition to the effect of the cytoskeleton, cell adhesion
molecules play a key role in influencing cell stiffness. It was reported that cancerous
epithelial cells become softer and less adhesive due to the loss of E-cadherin adhesion
[89, 90].
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Figure 10. Scatter plot of epithelial cell stiffness values. Elastic modulus of epithelial
cells are shown in blue circles, and further split into normal cells and cancerous cells,
shown in green and red respectively.
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3.2 Methods
3.2.1 Cell culture
C2bbe cells were grown under 5 % CO2 at 37 degrees C in Dulbecco’s modified Eagle’s
medium with 1 % L-glutamine and 1 % penicillin for serum starved samples, but with 10
% fetal bovine serum otherwise. Before each experiment, cells were detached from cell
culture petri-dishes using a EDTA based cell dissociation reagent (Versene). The cells
were seeded on samples, then incubated in DMEM (with or without serum) for 2 hours at
37 C.
3.2.2 Preparation of direct E-cadherin-Fc coated glass
To prepare the E-cadherin-Fc coated glass surface, a 22 x 22 mm coverslip was exposed
to deep UV for 10 minutes. Then the hydrophilic glass was incubated with 20 µl of 0.1
mg/ml recombinant E-cadherin-Fc (Sinobiological) for 2 hours. Afterwards, the Ecadherin-Fc coated glass was washed with DPBS (with Ca / Mg) 3 times for 5 minutes
each time.
3.2.3 Preparation of oriented, immobilized E-cadherin-Fc coated glass
For the oriented immobilization of E-cadherin-Fc coated on a glass surface, a 22 x 22 mm
coverslip was incubated with 40 µl of protein-A (pA) for 1 hour (Figure 11A). After
several washing steps with DPBS (with Ca / Mg), the pA coated glass was incubated with
20 µl of 0.1 mg/ml recombinant E-cadherin-Fc for 2 hours (Figure 11B). Afterwards, the
glass was washed with DPBS (with Ca / Mg) 3 times for 5 minutes each time. Then, the
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sample was incubated with 20 µl of 1 mg/ml Fc fragment for 1 hour (Figure 11C)
followed by washing with DPBS (with Ca / Mg).

Figure 11. Schematic representation of oriented immobilization of E-cadherin-Fc on a
protein-A coated glass. (A) protein-A incubation for 1 hour, (B) E-cadherin-Fc
incubation for 2 hours and (C) Fc coating for 1 hour. (D) Schematic configuration of
biomimetic E-cadherin surface.
3.2.4 Preparation of oriented immobilization of E-cadherin-Fc coated soft-silicones
For the oriented immobilization of E-cadherin-Fc on cured soft silicones, the sample was
exposed to shallow UV (~305 nm UV) for 5 minutes (Figure 12A) followed by 1 mg/ml
of protein-A using EDC NHS chemistry for 1 hour (Figure 12B). After several washing

32
steps with DPBS (with Ca / Mg), the pA coated sample was incubated with 20 µl of
0.1 mg/ml recombinant E-cadherin-Fc for 2 hours (Figure 12C). Afterwards, the sample
was washed with DPBS (with Ca / Mg) 3 times for 5 minutes each time. Then, the
sample was incubated with 20 µl of 1 mg/ml Fc fragment for 1 hour (Figure 12D)
followed by washing with DPBS (with Ca / Mg).

Figure 12. Schematic representation of oriented immobilization of E-cadherin-Fc on
QGEL300 silicone. (A) Curing the mixture on a hot plate at 100 C for 1 hour, (B)
shallow UV exposure for 5 minutes, (C) protein-A EDC NHS incubation for 1 hour, (D)
E-cadherin-Fc incubation for 2 hours and (E) Fc coating for 1 hour and (F) the schematic
configuration of the biomimetic E-cadherin surface is shown.
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3.2.5 Immunostaining
Fixed cells were imaged using a Leica DMi8 epifluorescence microscope (Leica
Microsystems, Buffalo Grove, IL) equipped with 10, 20 and 40 × objectives and a Clara
cooled CCD camera (Andor Technology, Belfast, UK). Cells were fixed with 4%
paraformaldehyde (Electron Microscopy Sciences, Hatfield, PA), with 1.5% Bovine Serum
Albumin and 0.5% Triton. Alexa-488 conjugated phalloidin was from Thermo Fisher
Scientific. Mouse anti β-catenin and rabbit anti paxillin antibodies were from BD
Biosciences and Abcam respectively.
3.3 Results and Discussion
3.3.1 Cells form undesirable focal adhesions also on E-cadherin-Fc-coated glass
C2bbe epithelial cells bind to neighboring cells primarily via E-cadherin adhesions to
form cell-cell contacts. Therefore, we wanted to assess the E-cadherin adhesion of single
C2bbe cells on a glass coated with E-cadherin-Fc. We prepared a direct E-cadherin-Fc
coated glass as explained in section 3.2.2 then plated C2bbe cells on them and waited for
2 hours. To determine the localization of E-cadherin adhesion on this direct E-cadherinFc coated glass, we used immunofluorescence staining of β-catenin (Figure 13A). To
make sure that C2bbe cells adhered to E-cadherin-Fc and did not bind to ECM, we also
checked the focal adhesion localization. Thus, we imaged paxillin, an adaptor protein
which is localized at focal adhesion (indicative of the cell adhering to ECM). It was
evident that focal adhesions formed on direct E-cadherin-Fc coated glass (Figure 13B).
Actin connected to both focal adhesions and “dot-like” E-cadherin adhesions (Figure
13C). Therefore, with this system, it is difficult to separate cell response to the micro-
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environment via focal adhesions and E-cadherin adhesions. It was previously shown
that mouse myogenic C2 cell, expressing N-cadherin, forms cadherin adhesions in
absence of serum [83]. This condition avoided any contribution from other adhesion
molecules. Thereby, in order to better characterize cell response due to E-cadherin
adhesion, we seeded C2bbe cells on a direct E-cadherin-Fc coated glass in serum-free
medium conditions. Then, we used immunofluorescence staining of β-catenin (Figure
14A) and paxillin (Figure 14B). The results suggested that, in absence of serum, we can
avoid focal adhesion formation and allow only E-cadherin adhesion. Figure 14C also
shows the corresponding actin staining.
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Figure 13. Formation of undesirable focal adhesions on direct E-cadherin-Fc coated
glass. Immunofluorescence images of C2bbe cells plated E-cadherin-Fc coated glass,
stained for (A) β-catenin, (B) paxillin and (C) actin. (Scale bar: 5 µm)
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Figure 14. Direct E-cadherin-Fc coated glass in serum-free medium.
Immunofluorescence images of C2bbe cells plated E-cadherin-Fc coated glass, stained
for (A) β-catenin, (B) paxillin and (C) actin. (Scale bar: 5 µm)
3.3.2 Oriented immobilization of E-cadherin-Fc on glass
In addition to the direct E-cadherin-Fc coated method, we implemented oriented
immobilization of E-cadherin-Fc. In an oriented, immobilized E-cadherin-Fc coated
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substrate, the surface is initially coated with protein A. Protein A has a strong affinity
to immunoglobulin (IgG) Fc [91]. This way, E-cadherin-Fc binds at its N-terminus to the
N-terminus of cellular E-cadherin [92]. Therefore, we seeded C2bbe cells on oriented
immobilized E-cadherin-Fc coated glass. We observed that, similar to direct E-cadherinFc coated glass, not only E-cadherin adhesions, but also focal adhesions formed in the
presence of serum (Figure 15A-B). Furthermore, actin bundles were mainly localized
with focal adhesions (Figure 15C).
In order to avoid focal adhesions, we used serum-free conditions along with the oriented
immobilization of E-cadherin on glass. Immunofluorescence images show that, in the
absence of serum, E-cadherin adhesions marked by are larger rather than dot-like(Figure
16A). In addition, paxillin was not present in the absence of serum (Figure 16B) and actin
filaments are mainly connected to E-cadherin adhesions. In the presence of serum, cells
on either direct E-cadherin-Fc coated glass or oriented, immobilized E-cadherin-Fc on
glass exhibit paxillin localization in focal adhesions in all cells. Thus, oriented Ecadherin-Fc surfaces using serum-free condition provides a viable platform for studying
E-cadherin adhesion-specific effects.
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Figure 15. Formation of undesirable focal adhesions on oriented, immobilized Ecadherin-Fc on glass. Immunofluorescence images of C2bbe cells plated on oriented
protein-A / E-cadherin-Fc/ Fc coated glass, stained for (A) β-catenin, (B) paxillin and (C)
actin. (Scale bar: 5 µm)
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Figure 16. Oriented immobilization of E-cadherin-Fc on glass in serum-free medium.
Immunofluorescence images of C2bbe cells plated on oriented protein-A / E-cadherin-Fc/
Fc coated glass, stained for (A) β-catenin, (B) paxillin, and (C) actin. (Scale bar: 5 µm)
3.3.3 Soft silicones as possible substrates and their rheological properties
Cell adhesion is regulated by physical cues such as substrate rigidity [13, 20]. It has been
found that cells respond to the stiffness of their microenvironment and undergo specific
physiological changes [12]. The stiffness of epithelial cells varies widely, as discussed in
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the Introduction. Similar to PAA gels, soft silicones can have tunable elasticity over a
physiological range. Thus, we used soft silicone substrates, whose mechanical properties
were then tuned to match the targeted stiffness values in Figure 10.
In order to characterize the mechanical properties of the candidate soft silicones, we used
rheology. Oscillatory rheology is an experimental technique to characterize the
mechanical behavior of soft materials. By implementing this technique, we can decouple
the viscous and elastic response of viscoelastic materials. The viscoelastic behavior of the
polymer at ω (frequency) is characterized by the storage modulus, G′(ω), and loss
modulus, G″(ω), which represent the “solid-like” and “fluid-like” behavior of a material
in response to stress. For a viscoelastic material, the stress response σ on the time scale t
is given by:
𝜎𝜎(t) =

′ (ω)γ

0

sin(ωt) + ″(ω)γ0cos(ωt)

where γ(t) is the sinusoidal applied strain deformation with amplitude γ0 . We determine

G′ and G″ as a function of ω to determine how solid-like or fluid-like state the material
behaves. Prior to quantifying G′ and G″ as a function of frequency, it is important to

assess if the applied strain deformation is small enough remain in the linear regime. Soft
materials exhibit a nonlinear stress response if they undergo large strain deformation.
Mixtures of GEL8100 (weight ratio A:B = 2:3, 2:4, 2:7) and QGEL300 (weight ratio:
A:B = 1:2.2) were cured on a hot plate at 100 C for 1 hour. The CY52-276 silicone
sample (weight ratio: A:B = 1:2 ) was cured on hot plate at 80C for 30 minutes. Then, a
sample of each mixture with thickness of ~ 0.5 mm were mounted on the rheometer plate.
Soft silicones are linear elastic isotropic incompressible materials, as long as a strain
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amplitude small enough is employed, to stay in the linear regime. Therefore, an
amplitude sweep test was performed for each silicone sample at constant frequency (10
rad/s) to determine the linear regime. In order to characterize the mechanical properties of
the developed soft silicones, we measured the frequency-dependent storage and loss shear
modulus of the samples using shear rheology with a cone and plate rheometer. We
conducted the frequency sweep test at 1 % strain to quantify the shear and loss modulus
as shown in Figures 17-21. We used the average of G′ values between 0.1 rad/s to 1 rad/s
as this is the range most commensurate with cell contractility and relevant cytoskeletal
dynamics (Table 1). Thus, we calculated the elastic modulus, E, from storage modulus,
G′, by assuming that the soft silicones are isotropic and incompressible, with a Poisson
ratio, υ, of 0.5: 𝐸𝐸 = 2 × 𝐺𝐺(1 + υ). Based on the obtained stiffness values, we considered

the 0.4 kPa (GEL 8100 A:B = 2:3), 2.4 kPa (GEL 8100 A:B = 2:7), and 8.7 kPa (QGEL
300 A:B = 1:2.2) silicones as biomimetic substrates for identifying E-cadherin
mechanosensitivity using C2bbe cells.
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Figure 17. Mechanical characterization of 0.4 kPa silicone with frequency sweep test at
1% strain. Storage modulus (G′) and loss modulus (G″) in Pa versus angular frequency
(ω) in rad/sec. Data points are mean ± SD
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Figure 18. Mechanical characterization of 1 kPa silicone with frequency sweep test at 1%
strain. Storage modulus (G′) and loss modulus (G″) in Pa versus angular frequency (ω) in
rad/sec. Data points are mean ± SD

44

Figure 19. Mechanical characterization of 2.4 kPa silicone with frequency sweep test at
1% strain. Storage modulus (G′) and loss modulus (G″) in Pa versus angular frequency
(ω) in rad/sec. Data points are mean ± SD

Figure 20. Mechanical characterization of 8.7 kPa silicone with frequency sweep test at
1% strain. Storage modulus (G′) and loss modulus (G″) in Pa versus angular frequency
(ω) in rad/sec. Data points are mean ± SD
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Figure 21. Mechanical characterization of tens of kPa silicone with frequency sweep test
at 1% strain. Storage modulus (G′) and loss modulus (G″) in Pa versus angular frequency
(ω) in rad/sec. Data points are mean ± SD. Here, ‘Dow Corning 1:2’ refers to Dow
Corning silicone CY 52-276 A:B = 1:2.
Silicone mixtures

(G′) Storage modulus (kPa)

(E) Elastic modulus(kPa)

(mean ± SD)

(mean ± SD)

GEL800 (A:B = 2:3)

0.118±0.028

0.355±0.086

GEL800 (A:B = 2:4)

0.326±0.069

0.978±0.208

GEL800 (A:B = 2:7)

0.795±0.123

2.387±0.369

QGEL300 (A:B = 1:2.2)

2.108±0.748

8.739±3.508
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CY 52-276 (A:B = 1:2)

9.413±0.588

28.24±2.74

Table 1. Mechanical characterization of tunable soft silicones silicone. A table of mean ±
standard deviation of shear modulus (G′) and elastic modulus (E) is shown.
3.3.4 Oriented immobilization of E-cadherin-Fc on soft silicone
Single C2bbe cells formed E-cadherin adhesions and avoided focal adhesions on
oriented, immobilized E-cadherin on glass, in serum-free conditions. Thus, we aimed to
ascertain the formation of E-cadherin adhesions on a soft silicone with similar E-cadherin
presentation. We prepared oriented, immobilized E-cadherin-Fc on 8.7 kPa (QGEL A:B
= 1:2.2) silicone (the stiffest substrate specified in section 3.2.4 corresponding to
epithelial cell stiffness) to mimic the microenvironment of epithelial cells.
Immunofluorescence image of β-catenin (Figure 22A) confirms E-cadherin adhesion
presence without the formation of focal adhesions (Figure 22B) under serum free
condition. It is evident that large actin bundles are connected to E-cadherin adhesions
(Figure 22C).
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Figure 22. Oriented immobilization of E-cadherin-Fc on 8.7 kPa silicone in serum-free
medium. Immunofluorescence images of C2bbe cells plated on oriented protein-A / Ecadherin-Fc/ Fc coated 8.7 kPa silicone, stained for (A) β-catenin, (B) paxillin, and (C)
actin. (Scale bar: 5 µm)
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CHAPTER 4
MODULATION OF E-CADHERIN ADHESION ON SUBSTRATES WITH CELLLIKE STIFFNESS
4.1 Introduction
Epithelial cells adhere to the ECM as well as to their neighboring cells to provide tissue
integrity. E-cadherin is required to maintain the cell-cell contact between epithelial cells.
In addition, regulation of E-cadherin adhesion is a key factor in tissue hemostasis [44]
and cell proliferation [93]. Mechanical cues such as the stiffness of the microenvironment
influences cell behavior. Integrin-based rigidity sensing has been extensively investigated
[12] and a few studies investigated the role of substrate rigidity in the cadherin-cadherin
interaction.
Cell spreading is one of the aspects of a cell’s response to substrate stiffness. Earlier
reports have studied the effect of the physical microenvironment such as stiffness in the
regulation of cell area. In particular, Collins et al. functionalized E-cadherin-Fc on PAA
gels to assess the role of E-cadherin adhesion of MDCK cells in rigidity sensing [46]. It
was found that the substrate stiffness regulated the cell spreading area. This result is in
agreement with the results of C2 myogenic cells on N-cadherin coated micropillar assay
[43]. In addition, substrate stiffness influences the cell morphology; it was reported that
the cells on stiffer substrates are more circular compared to cells on softer substrates [46].
Actin dynamics and structure is one of the factors that contributes to cell morphology. It
was found that cell protrusion velocity decreased with increasing the substrate rigidity
[46]. Such altered protrusive activity on the rigid substrate is due to the effect of altered
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actin structure and adhesion organization. In particular, it was found that the epithelial
cells on more rigid E-cadherin coated substrates possess robust radial actin structures at
proximal end as well as prominent large E-cadherin mediated adhesion. These results
suggest that the formation of E-cadherin adhesion as well as actin organization are
aspects of cell response to substrate rigidity.
Cell division is one of the aspects that controls organ size and is regulated by mechanical
cues. The transcription factor YAP (yes-associated protein) is a mechanosensor which is
found in many cell types such as epithelial cells. YAP nuclear recruitment is a key
signaling event that promotes proliferation. The nuclear accumulation of YAP is
regulated by cell ECM rigidity and cell spreading area [94, 95]. In particular, cells on
stiffer substrates are larger and promote YAP nuclear accumulation. In contrast, cells on
soft substrates are smaller and induce YAP cytoplasmic retention. In addition to YAP
responses to the microenvironment, YAP is also regulated by actin filament structure
[41]. In particular, cells with prominent actin expression level have more YAP nuclear
accumulation. Moreover, cell density also influences YAP localization. It was found that
higher cell population density promotes YAP cytoplasmic retention whereas YAP is
localized in the nucleus in sparse cells [93].
4.2 Methods
Pharmacological Inhibition
The formin inhibitor SMIFH2 and Arp2/3 inhibitor CK-666 were purchased from SigmaAldrich, Burlington, MA. C2bbe cells already plated for 2 hours in serum free medium
were treated with 100 µM CK-666 and 20 µM SMIFH2 for 2 hours prior to fixation. For
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stabilizing actin filaments, 1 nM of jasplakinolide was used for 1 hour. Antiphosphorylated myosin light chain Serine19 (Cell Signaling Technology) was used for
staining phosphomyosin.
4.3 Results
4.3.1 Effect of E-cadherin-coated cell-like substrates on E-cadherin adhesion
organization
We wanted to employ an experimental model to restrict the C2bbe cells to E-cadherin
adhesion without formation of focal adhesions. Therefore, we prepared oriented
immobilized E-cadherin-Fc on soft silicones of stiffness 0.4, 2.4 and 8.7 kPa, which was
explained in Chapter 3. The substrates coated with E-cadherin-Fc mimic the cell-cell
interactions due to E-cadherin binding. We seeded C2bbe cells on the E-cadherin-Fc
coated substrates in serum-free conditions and then performed immunofluorescence in 2
hrs. We first quantified the cell spreading area for each substrate stiffnesses (Figure 23).
It is evident that cell area is not sensitive to substrate stiffness (p = 0.65) in contrast to
previous reports for E-cadherin [46] and N-cadherin surfaces [43].
Next, we examined the E-cadherin adhesions by immunofluorescence staining of βcatenin of the cells on the different substrates. By comparing the β-catenin staining, we
identified two main types of E-cadherin adhesions - nascent adhesions and linear
adhesions. Nascent adhesions are dot-like small adhesions (~0.2 µm wide) whereas linear
adhesions were radially oriented, larger, and close to the cell edge (Figure 24).
We then sought to determine the fraction of cells that exhibited linear and just nascent
adhesions on the three substrate stiffnesses. As shown in Figure 25, the number of cells
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exhibiting linear adhesion increases with substrate rigidity, which is in an agreement
with previous reports [43, 46]. Interestingly, by increasing the substrate stiffness, smaller
fraction of cells exhibit nascent adhesions. This result suggests that C2bbe cells display
prominent linear adhesions in a stiffer microenvironment.

Figure 23. Cell area is independent of substrate stiffness for cell-like E-cadherin
substrates. Box plots comparing the cell spreading area on 3 substrates. In the box plots,
the small square represents the mean, the horizontal line represents the median, cross (x)
represents minimum and maximum value, lower and upper sides of the large box
represent the 25 and 75 percentile values and whiskers represent 5 and 95 percentile
values.
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Figure 24. Formation of different adhesion types on oriented immobilized E-cadherin
substrates. Representative immunofluorescence images of C2bbe cells plated on oriented
E-cadherin 8.7 kPa silicone, stained for β-catenin, which exhibit just nascent adhesions
(A) or linear adhesions (B) (Scale bar: 5 µm).

53

Figure 25. Fraction of cells exhibiting linear adhesions or just nascent E-cadherin
adhesions is substrate stiffness dependent. Linear and nascent adhesions displaying cell
fractions are shown in red squares and black circles respectively.
4.3.2 Effect of E-cadherin-coated cell-like substrates on YAP localization
Previous studies have reported that the YAP transcriptional activity is regulated by
mechanical cues [94]. To assess if YAP recruitment in C2bbe cells is regulated by
substrate rigidity, immunofluorescence images of YAP and the corresponding cell
nucleus were acquired for each 0.4 kPa (Figure 26A-B), 2.4 kPa (Figure 26C-D) and 8.7
kPa (Figure 26E-F) substrate. We visually observed that YAP is mainly localized in the
nucleus regardless of substrate stiffness. Then, we analyzed the immunofluorescence
images of YAP images by quantifying the average intensity of YAP in the nucleus and
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divided it by the average intensity of YAP in cytoplasm to assess the degree of nuclear
recruitment. By comparing the YAP nuclear/cytoplasmic intensity ratio, we found that
YAP nuclear accumulation was statistically independent of substrate rigidity (p = 0.1)
which is somewhat in contrast to what was previously reported [94]. In general, adherent
cells adapt larger spreading areas on stiffer substrate and thus modulate YAP nuclear
localization. However, in our case, cell spreading area did not change with the considered
range of substrate rigidity (Figure 23), indicating that YAP nuclear activity is regulated
primarily by cell spreading area.
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Figure 26. YAP is mainly accumulated in nucleus independent of substrate rigidity.
Representative immunofluorescence images of DAPI (left panels) and corresponding
YAP (right panels) for 0.4 kPa (A,B), 2.4 kPa (C,D) and 8.7 kPa (E,F) E-cadherin
substrates. (Scale bar: 5 µm).

Figure 27. YAP transcriptional activity is independent of substrate stiffness. Box plots
comparing the YAP average intensity ratio on 3 substrates. In the box plots, the small
square represents the mean, the horizontal line represents the median, cross (x) represents
minimum and maximum value, lower and upper sides of the large box represent the 25
and 75 percentile values and whiskers represent 5 and 95 percentile values.
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4.3.3 Effect of actin organization on E-cadherin adhesions on E-cadherin-coated
cell-like substrates
We wanted to determine as to what factors influence the formation of E-cadherin
adhesions on cell-like soft substrates. We had observed that a larger fraction of cells on
the stiffer substrate exhibited linear adhesion. Immunofluorescence staining of actin
filaments shows that cells on soft substrates (0.4 kPa) display circumferential actin
structures (Figure 28A) whereas radial actin structures are also associated with
circumferential actin bundles (Figure 28C) for the cells on stiff substrate (8.7 kPa).
Moreover, radially oriented actin bundles were directed towards and linked to linear Ecadherin adhesions (Figure 28D). These results suggest that actin organization was
correlated to E-cadherin adhesion organization.
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Figure 28. E-cadherin adhesion organization is correlated with actin structure.
Immunofluorescence images of actin (left panels) and β-catenin (right panels) of C2bbe
cells plated on oriented E-cadherin-Fc coated 8.7 kPa substrate (Scale bar: 5 µm).
4.3.4 Phosphomyosin localization in cells on E-cadherin-coated cell-like substrates
We then sought to determine if circumferential actin structures are contractile. The
actomyosin apparatus is response for cell contractility. Myosin motors bind to actin
filaments and generate contractile tension if phosphorylated [96]. In this context, we
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assessed myosin activity by immunofluorescence staining of the phospho-myosin light
chain. As shown in Figure 29, phospho-myosin (indicating active myosin) is localized at
actin structures and that implies that circumferential actin bundles are contractile.

Figure 29. Circumferential actin structures display phosphomyosin localization.
Representative immunofluorescence images of C2bbe cells plated on 8.7 kPa substrate
stained for actin (A) and p-myosin (B). (Scale bar: 5 µm).
4.3.5 Effect of formin inhibition on actin organization and E-cadherin adhesions on
E-cadherin-coated cell-like substrates
We wanted to determine whether differences in actin structure organization and Ecadherin adhesion organization were mediated by actin nucleating proteins. C2bbe cells
on oriented, immobilized E-cadherin-Fc coated 8.7 kPa substrate displayed prominent
linear radially oriented actin structures integrated with circumferential actin structures.
Therefore, we tested if the actin nucleator formin influences the actin structure and Ecadherin adhesion organization. Accordingly, C2bbe cells under formin inhibition (20
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µM of SMIFH2) did not display radial actin, but only circumferential actin structures.
In addition, the extent of circumferential actin was diminished in formin inhibited cells,
as shown in Figure 30 A,C. We further investigated if formin inhibited cells showed
changes in E-cadherin adhesion characteristics. Immunofluorescence images of β-catenin
show that the formin inhibited cells display more nascent adhesions, presumably due to
absence of radial actin structures and decrease in circumferential actin structures (Figure
30B).
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Figure 30. Linear E-cadherin adhesions are formin dependent. Immunofluorescence
images of SMIFH2-treated C2bbe cells, plated on oriented E-cadherin-Fc coated on 8.7
kPa substrate stained for actin (A) and β-catenin (B). Normalized fluorescence intensity
of actin for control and SMIFH2-treated cells. The red line in panel A corresponds to
measured actin intensity of SMIFH2-treated cells. (Scale bar: 5 µm).

4.3.6 Effect of Arp2/3 inhibition on actin organization and E-cadherin adhesions on
E-cadherin-coated cell-like substrates
The Arp2/3 complex is another major actin nucleator, responsible for nucleating actin
branches [97]. We thus used a pharmacological inhibitor of Arp2/3 (CK-666) to test the
role of this actin nucleator in the observed actin structures. We found that neither actin
nor E-cadherin organization was altered under Arp2/3 inhibition (Figure 31A-B).

Figure 31. E-cadherin adhesion on cell-like soft E-cadherin substrates is largely Arp2/3
independent. Immunofluorescence images of CK-666-treated C2bbe cells, plated on
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oriented E-cadherin-Fc coated on 8.7 kPa substrate stained for actin (A) and β-catenin
(B) (Scale bar: 5 µm).
Our results suggest that when radial actin structures are integrated with circumferential
contractile actin structures, the C2bbe cells display linear adhesions. In addition to linear
and nascent adhesions, we found a small fraction of C2bbe cells exhibiting clump-like
large adhesions on oriented E-cadherin-Fc coated substrates. Such clump adhesions were
localized with clumps (localized regions of high intensity) of actin (Figure 32). The actin
clumps are presumably due to phosphomyosin mediated contractility.

Figure 32. Adhesion clumps are localized at actin clumps. Immunofluorescence images
of C2bbe cells plated on oriented E-cadherin-Fc coated on 8.7 kPa substrate stained for
actin (A) and β-catenin (B) (Scale bar: 5 µm).
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4.3.7 Effect of actin stabilization on E-cadherin adhesions on E-cadherin-coated
cell-like substrates
We thus wanted to investigate whether the adhesion clump formation is just due to force
generation by actomyosin or if just localized higher actin density can also promote it.
Jasplakinolide is a chemical isolated from a marine sponge that stabilizes and promotes
actin polymerization [98]. In order to assess if the adhesion clumps can be caused by just
actin accumulation, we used jasplakinolide to stabilize the actin clusters [99]. The
immunofluorescence image of actin in Figure 33A shows that jasplakinolide can
dramatically affect actin structure. Moreover, E-cadherin adhesion clumps are colocalized with these actin clumps. (Figure 33B). Thus, jasplakinolide treatment provides
convincing evidence that local higher density of actin structures promotes E-cadherin
adhesion clumps.

Figure 33. E-cadherin adhesion clumps induced by stabilizing actin filaments.
Immunofluorescence images of jasplakinolide treated C2bbe cells, plated on oriented E-
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cadherin-Fc coated on 8.7 kPa substrate stained for actin (A) and β-catenin (B) (Scale
bar: 5 µm).
4.3.8 Overall model of actin-dependent E-cadherin organization on E-cadherincoated cell-like substrates
Together, our results indicated that linear E-cadherin adhesion formation is substrate
stiffness dependent. Such linear adhesion formation was mediated by radially oriented
actin structures integrated with contractile circumferential actin structures. Furthermore,
cells under formin inhibition, do not exhibit linear adhesions. On the other hand, nascent
adhesions did not require specifically oriented actin structures, as expected. Therefore,
the correlation between actin structure and E-cadherin adhesion in cell-like stiffness
microenvironments can be explained in Figure 34.

Figure 34. Schematic model of E-cadherin adhesion types on oriented E-cadherin-Fc
coated substrate with cell-like stiffness. Linear adhesions are mediated by radial actin
filaments integrated with contractile circumferential actin filaments but nascent adhesions
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do not require oriented actin structures. Adhesion clumps form with local actin
accumulation due to contractility.
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CHAPTER 5
CONCLUSION AND SCOPE FOR FUTURE WORK
Adherent cells interact with their microenvironment at cell-ECM and cell-cell interfaces
using their adhesions and exerted contractile forces. Therefore, it is important to study the
effect of microenvironmental physical factors such as geometry and stiffness in
regulating the cell adhesion and contractility. In this dissertation, we have considered two
representative situations: the effect of microenvironmental geometry and stiffness on
fibroblast force generation and the effect of microenvironmental stiffness on E-cadherin
adhesion.
Fibroblasts in connective tissue interact with their fibrillar microenvironment and often
mechanically respond to their microenvironment by exerting contractile forces. As
detailed in Chapter 2, we have developed an experimental model to maintain fibroblasts
in fibrillar morphology. We have quantified the fibrillar force exerted by fibroblasts for
different microenvironmental stiffness. In contrast with fibroblasts with 2D morphology,
the fibrillar fibroblasts exerted forces that were independent of substrate stiffness. The
difference in outcomes between 2D (reported previously) and 1D may be due to the
different actin architectures in the two cases. Accordingly, we found that not only the
fibrillar length, but also fibrillar forces depend on formin family of nucleators. In the
future, it will be important to determine what factors other than formins modulate force
generation in fibrillar fibroblasts. Furthermore, it will be important to determine if interconnected 1D lines may show some dependence on substrate stiffness, as the cells can
spread in between the lines close to the junction between 2 lines. Such experimental
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models can increase in complexity in order to more closely mimic the situation in 3D
ECM in vivo.
In epithelial tissues, epithelial cells not only adhere to ECM, but also form cell-cell
contacts via E-cadherin receptors to maintain tissue integrity. In order to investigate the
role E-cadherin itself plays in sensing the microenvironment, we have fabricated and
characterized soft substrates with cell-like stiffness coated with oriented immobilized Ecadherin-Fc to mimic the cell-cell interaction of epithelial cells in vivo. We found that
cell spread area as well as YAP nuclear localization are independent of substrate stiffness
in apparent contrast to what was found in previous reports. The difference could be due to
the fact that we are considering E-cadherin-based surfaces within a narrow range of
relevance. Here, cell spread area was independent substrate stiffness. This also suggests
that cell spread area primarily regulates YAP activity. On the other hand, we found that
E-cadherin adhesion formation is highly dependent on substrate stiffness due to the fact
that larger fraction of cells exhibited linear E-cadherin adhesions at higher stiffness,
whereas cells on softer substrates just exhibit nascent E-cadherin adhesions. We further
found that linear adhesions are supported by radial actin structures which are integrated
with contractile circumferential actin structures. We also found that formin plays a key
role in regulating E-cadherin adhesions. Our observations enabled us to propose a model
for E-cadherin adhesion regulation in the context of cell-like microenvironmental
stiffness. This experimental model can enable the study of E-cadherin adhesions in a
more native context in the future, including assessment of the role of various constituents
of the proposed E-cadherin mechanotransduction apparatus in adhesion and force
generation.
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Taken together, our studies highlight the unique role played by physical characteristics
of the micro-environment in different contexts: The fact that rigidity of the
microenvironment did not affect the fibrillar forces suggests that cell geometry primarily
influences cell force exertion in fibrillar fibroblasts. On the other hand, our results on Ecadherin mechanosensitivity suggest that, even though the cell-like stiffness of the
microenvironment did not influence the cell spreading area, it does play an essential role
in the modulation of E-cadherin adhesions.
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